Abstract Spinal reflexes are known to be strongly modulated in a phase-and task dependent manner during walking in both humans and cats. However it is not clear whether afferent feedback from the leg plays a more important role in regulating this modulation in the leg and arm muscles. This short review mainly describes the recent findings concerning the effect of somatosensory inputs on the excitability of cutaneous reflex and H-reflex pathways during robotic-assisted stepping. The experimental results are discussed with recent advances in the field of human motor control, and the implications of locomotor rehabilitation for individuals with spinal cord injury are discussed as well.
Introduction
It is generally recognized that body-weight support stepping training on a treadmill is a beneficial neurorehabilitation method for the reconstruction of locomotor ability after spinal cord injury (SCI) 1, 2) . The stepping training is normally executed with assistance of leg movements by a physical therapist or driven gait orthosis (DGO, Fig.  1A ) on a treadmill 2) . The neurophysiological basis of improvement with this training is thought to owe in a large part to reorganization of the spinal locomotor system by repetitive sensory inputs arising from both legs 3) . These rationales have been indirectly deduced from research with quadripedal spinal animals 1, 4, 5) . In bipedal human walking, however, it remains unclear to what extent walking-related afferent feedback induces activation of spinal locomotor circuits and its plasticity under the minimal contribution of descending locomotor commands, such as a passive stepping paradigm.
Generally, it is well known that afferent feedback information contributes to the modulation of stepping generator outputs [5] [6] [7] [8] , and modulation of feedback pathways such as "spinal reflexes", can be used to infer generator activity. The concept has been widely accepted in the research field of motor control 4, 9) . In this short review, recent findings concerning the modulation of spinal reflexes during robotic-assisted passive stepping in humans 10-12) will be described as the major topic. The implication for locomotor rehabilitation for individuals with spinal cord injury will also be discussed.
Spinal reflexes as neural probes for revealing locomotor control in the spinal cord
In contrast to the situation in animal models such as the lamprey and cat, where direct methodologies can be taken, we must rely on indirect evidence and inferences to assess the contribution of the spinal locomotor circuits in humans 13) . As mentioned above, it has been shown that afferent feedback pathways contribute to the modulation of stepping generator output [5] [6] [7] [8] . Thus, it is likely that modulation of reflex pathways can be used to infer activity of the stepping generator. In fact, several reflex signs in leg muscles following stimulation of cutaneous nerves (i.e., cutaneous reflex) have been suggested to imply the generator activity in decelerated cats and humans 8, 14) . Furthermore, monosynaptic reflex (Hoffmann (H-) reflex) amplitudes, in the lower or upper limbs, are strongly modulated during human and cat locomotion [15] [16] [17] . Thus, it may be that spinal reflexes are a powerful tool as neural probes to reveal locomotor control in the human spinal cord.
Evaluating the effect of walk-related afferent feedback on the spinal reflexes
Robotic-assisted stepping (e.g. Lokomat®, see Fig.  1A and B) can accurately provide walk-related afferent feedback arising from the leg 18) , and the passive stepping paradigm with robotics can minimize the contribution of voluntary commands on the reflex response, compared with normal walking 12, 19, 20) . In fact, EMG activity in leg muscles during stepping is extremely low (Fig. 1C) . The following sections of this paper provide the experimental results on reflex modulation of cutaneous reflex and H-reflex excitation during robotic-assisted passive stepping in normal and SCI subjects.
Reflex modulation during passive stepping
Cutaneous reflex pathway. Cutaneous reflexes in the lower limb muscles are elicited by non-noxious electrical stimulation to cutaneous afferents innervating regions of the foot [21] [22] [23] . The reflex response has multiple peaks on the rectified and averaged EMG, consisting of early (ELR: ~50-80 ms after stimulation), middle (MLR: ~80-120 ms) and long latency (LLR: ~120-180 ms) responses. As for reflex pathways of ELR and MLR, it is suggested that they are mediated by polysynaptic pathways including premotoneuronal mechanisms within the spinal cord (e.g. interneuronal activities) 14, 24) . Functionally, they are thought to be important for maintaining posture stability and effective progression in response to unpredictable sensory information 25) . During locomotion, the components of reflex response depend on the phase of the walking cycle in both cats and humans 4, 7) . Phase modulation is thought to be regulated by premotoneuronal mechanisms which may be under the control of pattern generating systems in the spinal cord 4, 7) . More specifically, the reflex signs indicated by the influence of the generator activity have been suggested as "amplitude modulation of reflex responses" and "reversal of reflex sign" from suppressive to facilitative response at transition from swing to stance 26, 27) . Some factors that may contribute to the origin of phase modulation include movement-related sensory feedback, load-sensitive receptors in the lower limbs and descending inputs. However, it remains unclear whether afferent information plays a more important role in the phase modulation of cutaneous reflexes during human walking. If these reflex signs are observed during passive stepping, it may be that stepping-related afferent feedback induces activation of a pattern generating system in the human spinal cord. Fig. 2 shows reflex responses following cutaneous afferent stimulation during passive ground (0% unloading) and air (100% unloading) stepping. During air stepping, the MLR varied in an independent manner from phase to cord has been tested with H-reflex, which is the electrical equivalent of stretch reflex and is predominantly characterized by the monosynaptic projection of group Ia afferents onto homonymous motoneurons 13, 29) . During walking, it is well known that the H-reflex amplitude in the soleus muscle is strongly modulated in a phase-dependent manner. A major control mechanism involved in the fine tuning of afferent feedback is the modulation of Ia presynaptic inhibition 13) . As possible sources for H-reflex modulation during locomotion, "central mechanism" has been proposed. Some studies have been demonstrated that H-reflex modulation is closely associated with the activation of the antagonist muscle, and centrally produced reciprocal inhibition during the swing phase 12, 30) . However, it remains unclear whether stepping-related afferent information plays a more important role in the phase modulation of soleus Hreflexes during human walking. In fact, while a subject is performing "normal walking task", the contributions of descending commands or movement-related afferent feedback cannot be evaluated separately due to methodological limitations. Fig. 3 shows soleus H-reflex modulation during passive phase, and facilitation was small; however, during ground stepping, it was strongly modulated in specific stepping phases ( Fig. 2A) . Interestingly, the pattern of phasic modulation during loaded ground stepping (Fig. 2B ) was similar to that during normal walking (Fig. 2C ) 27) . Furthermore, the suppressive responses following SP (superficial peroneal) nerve stimulation at an early stance was changed to facilitation at the late stance (reversal of reflex sign, see Figs. 2D and 2E). Based on these results, it may be that passive stepping with body load induces similar activity as the neuronal system in normal walking. In addition, our findings suggest a contribution of spinal pattern generating systems to phase modulation of the cutaneous reflex during ground passive stepping.
H-reflex pathway in lower limb muscle. During locomotion, it is suggested that the reflex excitation elicited by muscle stretch plays a key role in generating muscle activity with alternative actions of both legs. In fact, there are a number of studies providing evidence that reflex activity assists ankle extensor contraction during the late stance phase of walking 28) . Excitability of the stretch reflex pathway in the spinal ent feedback modulates excitability of H-reflex pathways in the remote muscles 14) . However, it is still unknown which factor plays a more crucial role in suppressing the H-reflex amplitude in stationary remote limb muscles: movement-related afferent feedback, load-related bias or central commands. Fig. 4 shows modulation of upper limb H-reflex amplitude during passive leg stepping. Subjects performed a passive stepping task using Lokomat. During the task, electrical stimulation for eliciting flexor carpi radialis (FCR) H-reflex was delivered at several phases of a step cycle. As a result, the amplitude of the FCR H-reflex was strongly suppressed during passive stepping compared to the standing condition. The suppressive effect on the FCR H-reflex amplitude was seen at all phases of stepping, with little difference based upon phase. Furthermore, the H-reflex amplitudes were suppressed during passive stepping tasks both with and without load, with no significant effect of loading itself. These findings suggest that movement-related afferent feedback rather than load-related afferent feedback plays a key role in modulating the FCR H-reflex amplitude. Thus, it is considered that steppingrelated afferent feedback influences the neuronal system on cervical spinal cord. Interestingly, FCR H-reflex amplitudes were significantly suppressed during passive stepping and up to 12 min after 30 min passive stepping. From these observations, it is suggested that persisted walking-related leg afferent feedback can induce shortterm plasticity in the upper limb H-reflex pathways.
As a translational implication for rehabilitation, our findings suggest that there may be a potential therapeutic use for passive stepping in the management of spasticity in remote muscles after spinal cord injury and stroke 14) . In fact, a relationship has been seen between spasticity and hyperexcitable reflexes (e.g., H-reflexes) 32) .
Conclusion
We found that stepping-related afferent feedback modulates excitability of several spinal reflex pathways during robotic-assisted stepping. The pattern of reflex modulation during passive stepping was similar to that during normal walking. In addition, we found that persisted stepping-related afferent feedback can induce short-term plasticity in the H-reflex pathways.
It has been suggested that locomotor abilities can be regained after "partial"or "incomplete" spinal cord injury with intense stepping training [1] [2] [3] . Our findings suggest that passive stepping induces the similar activation of spinal locomotor neural circuits during normal walking. Again, the present data provides key evidence for eliciting activation of spinal locomotor circuits during roboticassisted passive stepping using locomatts during during robotic-assisted passive stepping usse circuits is relatively weak, compared with normal walking. In future studies, additional conditions and tasks which induce effective stepping. Subjects performed ground and air passive stepping tasks. During these tasks, electrical stimulation for eliciting soleus H-reflex was delivered at six phases of a step cycle. As a result, there was phase modulation of the H-reflex excitability in both passive stepping tasks, showing that the soleus H-reflex at the early swing phase was markedly suppressed. Furthermore, phase modulation of H-reflex was also observed in spinal cord injury (SCI) patients (one incomplete SCI patient [T5 level] and two complete SCI patients [T7 and T12 level]) 12) . Based on these data obtained from healthy and SCI subjects, it is suggested that stepping-related afferent feedback contributes to phasic modulation of soleus H-reflex, and it may be that the afferent information modulates the reflex amplitude within the spinal neural system. Interestingly, the pattern of phasic modulation during passive stepping was similar to that during normal walking 15) . Thus, it may be that passive stepping induces a similar spinal neural system of locomotion as normal walking.
H-reflex pathway in upper limb muscle. Neuronal transmission within the Ia monosynaptic pathways of stationary leg muscles has been investigated during active rhythmic "arm" movement (e.g., arm cycling) 17) . Under such circumstances, the amplitude of the H-reflex in the soleus muscle is suppressed in humans 17) . Interestingly, leg cycling also leads to suppression of the H-reflex amplitude in the forearm muscles 31) . These results have been purported to suggest that a pattern generating system activated by descending locomotor commands and affer- activation of locomotor circuits (e.g. passive stepping tasks with additional sensory inputs and motor imagery) 33) should be determined as scientific evidences for more beneficial and efficient neurorehabilitaiton strategy. 
